Imaging high resolution subsurface defects nondestructively in advanced interconnect structures and devices is a challenge and no known metrology tools are available to identify such defects in a nondestructive way at nanometer level. Monitoring these defects necessitate the understanding of their growth mechanism of these interconnects as well as defect formation. We report here the application of scanning near field ultrasound holography by imaging buried defects in copper interconnects and low-K dielectric materials. Defects in these copper lines such as voids and delaminations appear as regions of dark contrast in ultrasound holography imaging due to large acoustic impedance mismatch at the voids. Identification of these buried defects in these interconnect architectures in a nondestructive way will open up unique opportunities in using this technique to detect subsurface defects and material imperfections.
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With rapid progress in the semiconductor device and interconnect technology, one of the important issues during the research and development phase of such technologies is the early identification of failures such as voiding, delaminations, cracks in interconnect structures and thermomechanical defects in low-K dielectric materials structures.
Due to the ever-increasing demands on performance, Albased interconnects are now being replaced with Cu-based interconnects as they have many advantages such as low line resistance, low interconnect delay, high electromigration resistance and, possibly, overall back-end process simplicity. Some of the many challenges in the next generation metrology include dimensionality and fatigue performance of electrical contacts and interconnects. [1] [2] [3] [4] [5] Current paradigm for microelectronics electrical contact processing calls for an increase in the aspect ratio of metal contact lines which requires deposition of metal into damascene trenches and vias without leaving any unfilled volume ͑voids͒. These process defect voids result in increased resistivity and can cause serious open circuits and device failure. Conventional techniques for characterization of voids and incomplete contacts include destructive approaches such as cross-sectional scanning electron microscopy ͓or transmission electron microscopy ͑TEM͔͒, 6 which are not only laborious and time consuming but require the wafer to be sacrificed. Electrical testing is nondestructive, 7 but spatially insensitive and it requires contact to the wafer.
Clearly, a need for nondestructive nanoscale high resolution imaging of buried and embedded structures in materials, devices, and pattern recognition is critical for numerous materials, structures, interconnect architectures and phenomena as they continue to shrink, and the micro/nanofabrication paradigm moves from planar to three-dimensional or stacked platforms.
The conventional approach for inspecting such failures nondestructively is scanning acoustic microscopy. [8] [9] [10] Ultrasound is sensitive to the presence of buried defects and these defects normally appear as regions of varying contrast in the image due to large acoustic impedance mismatch between the surrounding layer materials and the air. One of the main limitations of conventional acoustic microscopy is that the coupling medium, typically water, attenuates the ultrasound significantly at high frequencies. Scanning probe microscopy ͑SPM͒ 11-13 offers superb spatial resolution but is sensitive only to surface or shallow subsurface features. High resolution optical microscopy 14, 15 is unable to image optically opaque or deeply buried structures. Thus, with respect to "nondestructive" imaging, there is a clear void between the two ranges of length-scales offered by photoacoustic/sonography [16] [17] [18] [19] and SPM. This is particularly true if features of interest are buried deeper into the material, beyond the interaction range of proximal probes.
Several efforts combining SPM and acoustic methods for surface as well as subsurface imaging have been introduced in recent years with mixed results in the context of sensitivity to surface nanomechanical variations, ability to probe deeply buried or embedded features or quantitative extraction of nanomechanical contrast. Ultrasonic force microscopy and SPM based acoustic techniques [20] [21] [22] [23] [24] [25] [26] [27] is notable SPM-based techniques which have enjoyed some success for nanomechanical mapping of elastic and viscoelastic properties of soft and hard surfaces. However, a wider deployment of these techniques in semiconductor applications is generally marred by lack of reproducibility and lack of compelling evidence for demonstrated sensitivity to buried and embedded structure. Our recent development for nanoscale imaging of buried nanostructures with high resolution using scanning near field ultrasound holography ͑SNFUH͒ 28-30 provides a very good technique for identifying and imaging buried defects and voiding in copper interconnects and low-K dielectic materials. In this article, we present SNFUH application for probing the buried defects and voiding in copper interconnect structures and sursurface mechanical imperfections in low-K dielectric material that overcome the fundamental problem of acoustic attenuation in the coupling medium by generating and detecting the subsurface perturbations directly at the sample surface with SPM probe as an acoustic antenna. The identified buried defects were cross-validated with dual beam focused ion-beam ͑FIB͒ microscope.
We have used JEOL SPM 5200 scanning probe microscope system with a modified stage and cantilever holder system to perform ultrasound holography. We have modified the feedback electronics of the system with a SNFUH electronic module along with lock-in amplifier to extract both the phase and amplitude of the surface acoustic waves perturbed by buried features. Commercial piezoelectric ceramics were used to provide ultrasonic vibrations to the sample and the cantilever, with an out-of-plane resonance of approximately 10.12 and 10.17 MHz, respectively.
The SNFUH controller and cantilever monitor the perturbation to the surface acoustic waves, especially their phase, which carry information about embedded structures reflected in the scattering of specimen acoustic waves due to the difference in their respective mechanical properties. Experimentally, the two acoustic oscillations are applied to the tip and the sample by two matching piezocrystals attached to the cantilever and at the base of the sample. Variations in the amplitude and phase of the bulk wave due to the presence of the subsurface nanostructures/defects as well as the variations in near surface affect the amplitude and the phase of the difference frequency signal which is detected by cantilever. These variations are used to create spatial mappings generated by subsurface and near-surface features/defects.
We here demonstrated the efficacy of SNFUH in identifying buried defects in copper interconnects. The sample comprises equally spaced interconnect copper lines fabricated by optical lithography. The thickness of these lines was around 500 nm. Figure 1 shows the schematic illustration of our model copper interconnect sample and the detection mechanism. Figure 2 shows a series of copper lines having thickness of around 500 nm. Figure 2͑a͒ shows the conventional topography image, while Fig. 2͑b͒ is the corresponding ͑simultaneously recorded͒ SNFUH phase image. The typical 25ϫ 25 m 2 topography scan shows uniform and contiguous polymer and copper lines. However, the corresponding SNFUH phase image shown in Fig. 2͑b͒ reveals phase contrast reminiscent of subsurface voiding in copper lines. The dark contrast in the phase image of copper lines corresponds to voids underneath the metal. The presence of this contrast in phase image implies that there is insufficient metal filling at the bottom, i.e., voiding underneath the contact, which undergoes a distinct viscoelastic response. Some of the topographical mechanical variations are also evident more prominently in the SNFUH image. These topographical variations originate from the chemical mechanical polishing of these interconnects lines. After SNFUH imaging, sample location was precisely marked and put down in FEI dual beam FIB to cross-validate what we got in ultrasound holography. Figure 2͑c͒ depicts the planer view of the FIB image showing the area that we cut down to see the buried defects. Figure 2͑d͒ depicts the FIB image of a defect found during SNFUH imaging. The lines were cut exactly at the same location where SNFUH was performed and the image clearly demonstrates the same buried defect that was found in ultrasound imaging. Thus, we validated the SNFUH buried imaging capabilities with FIB. These images clearly demonstrate the reliability of this method not only as a microscopy technique but also as an extremely sensitive probe of the mechanical reliability of the interfaces.
Recently, enormous amount of research is being carried out to fill shallow trenches with polymers to prevent extra processing steps. The trench isolation technique can be used to fabricate memory, logic and imager devices which can exhibit reduced current leakage and/or reduced optical crosstalk.
The major challenge that industry is facing with this technology is voiding, delamination and cracks at the polymer-trench interface. Conventional techniques for characterization of voids and stresses in narrower trenches include wet chemical etching and electrical testing, which is FIG. 1. ͑Color online͒ Schematic illustration of a copper interconnects lines. The thickness of the lines is around 500 nm. Cantilever detects the perturbations in the surface acoustic waves at the sample surface. The damping of the acoustic waves is higher at the void/defect site. Acoustic transducers underneath the sample and cantilever provide the ultrasonic waves through them. The thickness of the lines is around 500 nm. ͑a͒ shows the uniform topographical interconnect lines with some features visible. ͑b͒ shows the remarkable SNFUH phase image clearly demonstrates the voiding in these copper lines and other surface mechanical variations. ͑c͒ depicts the FIB image highlighting the area that was cut down to cross-validate the SNFUH image and ͑d͒ the cross section of one of the trench shows the buried defects when it was etched down from top by ion-milling.
spatially insensitive and it requires contact to the wafer. In the case of via chains, several metal levels must be fabricated before the electrical test can be completed. We demonstrated here underlying defects in narrower trenches by fabricating shallow trench structures as shown in Fig. 3͑A͒ . The trenches are etched in SOG ͑spin-on-dielectric͒ with a 50 nm thin layer of LPCVD ͑low pressure chemical vapor deposition͒ Si 3 N 4 as a capping layer and then SiN ͑silicon nitride͒ is etched down in the trenches using the wet processing. Trenches were 1 m deep. A 500 nm thick layer of polymer ͓benzocyclobutene ͑BCB͔͒ was spin-coated followed by thermal annealing for curing polymer.
Schematic of series of isolated shallow trench structures having polymeric coating in them is shown in Fig. 3͑a͒. Figure 3͑b͒ depicts the conventional topography image, while Fig. 3͑c͒ is the corresponding ͑simultaneously recorded͒ spectacular SNFUH phase image. The typical 2 ϫ 2 m 2 topography scan shows uniform and contiguous polymeric coating on SiN and inside the trenches. However, the corresponding SNFUH phase image shown in Fig. 2͑c͒ reveals phase contrast reminiscent of buried voiding at the interface of the SiN/polymer or SiN/SOD. The dark contrast in the phase image on polymer coated SiN lines corresponds to voids at polymer-SiN /SiN-SOD interface. Interestingly, a hardening of the polymer in the trench and its sidewall is also evident in the phase image, which results from its thermal annealing and may be poor adhesion with SOG. These result demonstrates direct semiconductor metrology application of SNFUH system in recognizing buried patterns while maintaining high resolution.
In summary, the representative examples of SNFUH direct application in semiconductor structures and devices strongly suggest a versatile tool-set for nondestructive, high resolution and real-space imaging of diverse materials systems. Such a metrology capability opens up the possibility of high resolution failure and fatigue analysis to identify the buried defects, stress migration, cracks in semiconductor processing, devices and MEMS integration.
The SNFUH measurements were carried out in the NIFTI facility of NUANCE Center at Northwestern University. NUANCE Center is supported by the NSF-NSEC, NSF-MRSEC, Keck Foundation, the Station of Illinois, and Northwestern University. The research is supported by gift funding from Intel Corporation and NSF-MRI, SRC programs. The copper interconnect specimens were provided by Ted Liang, Intel Corporation. ͑B͒ Typical AFM topography image shows 500 nm thick coating of low dielectric material uniformly covering the trenches. Trench width is around 400 nm and height is about 1 m having 500 nm BCB coating over it. ͑C͒ SNFUH image clearly reveals the surface elastic contrast and sub-surface voiding in polymer coating over silicon nitride ͑SiN͒.
